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INTRODUCTION
In recent years an increased level of intermittent generation on the electrical grid has resulted in the requirement for conventional generators to operate more flexibly to meet electrical demand and remain profitable. For a steam turbine, flexibility in operation requires faster load changes, in turn leading to frequent transient radial rotor excursions and thermal expansions. Seals can then become damaged, reducing turbine efficiency and output power. A dynamic seal, which is a seal that can respond to the position of the rotor surface, offers major advantages over the conventional labyrinth seal. Not only can they accommodate rotor excursions, but they can operate at lower clearance, reducing leakage and hence increasing turbine efficiency. The "Aerostatic Seal", shown in Fig. 1 , is a dynamic seal concept that is tested in this paper.
The Aerostatic Seal is a development of the retractable seal used in steam turbines for a number of years. The seal is made up from a number of circumferential seal segments; each seal segment consists of a labyrinth seal with an enlarged central pocket supplied with fluid from immediately upstream of the seal [1] . This central pressurised pocket allows the seal segment to move away from the rotor when at low clearances preventing the seal contacting the rotor surface. At high clearances reduced pressure in the central pocket moves the seal towards the rotor surface. As in a retractable seal, the seal segments are held apart by springs which stop the seal contacting the rotor when the turbine is under no load, shown in Fig. 1 . The seal segments are pushed against the contact face of the gland holder by the difference between upstream and downstream pressure, and to be able to move each segment has to overcome the frictional force between the holder and seal segment.
Previous published work on the Aerostatic Seal has proven the concept and demonstrated the capability of the seal to move away and towards the rotor surface. This was achieved in a nonrotating test facility using air instead of steam [2, 3] . The advance presented here is the validation of the Aerostatic Seal in a rotating seals rig that features an eccentric rotor allowing radial rotor transients to be simulated. The seal has been tested with the rotor in both a low and high eccentric rotor position and successful operation obtained. In the high eccentric rotor position the seal segments were able to track the rotor over the full range of rotor speeds tested, and maintained a seal clearance which was lower than the level of rotor eccentricity. This lower clearance equates to a significant leakage reduction of 35% over a comparable labyrinth seal. This work paves the way for further development of the Aerostatic Seal outside of the laboratory.
Background
The labyrinth seal has found application in steam turbines since the initial development of such machines by C. A. Parsons in the late 19th century [4] . Labyrinth seals remain popular to 
FIGURE 1. THE AEROSTATIC SEAL CONCEPT
this day due to their simplicity and relative ease of manufacture. Labyrinth seals consist of a number of throttles, with energy dissipated by viscous effects in the cavities after each throttle, dropping the pressure in subsequent cavities. Labyrinth seals are available in different arrangements; the most common are "straight", "stepped" or "staggered". Stepped or staggered seals have lower leakage as the high velocity fluid jet flowing under the fins is not able to travel straight under the subsequent fins as in a straight labyrinth seal [5] .
The disadvantage of the labyrinth seal is the relatively high leakage flow rate through the seal and the intolerance to relative movement between the seal and the rotor surface, leading to seal damage and an increase in leakage flow [5] . Labyrinth seals also can introduce destabilising rotordynamic forces in steam turbines due to swirling flow inside the labyrinth seal cavities [6] . Swirl brakes at inlet to the seal can reduce the cross coupled stiffness of the seal, improving rotordynamic stability [7] .
Attempts have been made to reduce the leakage flow rate through labyrinth seals. Many researchers have investigated geometric parameters of the labyrinth seal, such as fin pitch [8] , tooth shape [9] , cavity shape [10] and seal eccentricity [11] to name a few. The use of air curtains can also be utilised to improve the performance of labyrinth seals. Curtis et al [12] tested such a seal in a single stage turbine operating in air and demonstrated leakage reduction and overall efficiency gain. Hogg and Ruiz [13] used Computational Fluid Dynamics (CFD) simulations to pre- Copyright c 2017 by ASME dict the potential leakage reduction in a steam turbine, and found an improvement of 25% (including the air curtain flow) over a labyrinth seal operating at the same conditions. The retractable labyrinth seal is another type of labyrinth seal [14] . The seal is divided into circumferential segments with springs that push the segments apart when the turbine is unloaded, creating a larger clearance between the labyrinth teeth and the rotor. This enlarged clearance is useful to prevent damage to the labyrinth fins due to increased rotor radial movement during start up. Once operating pressure has been reached the pressure force on the seal segment outer overcomes the spring force, reducing the seal clearance. The segments rest locked together at the designed clearance. If the rotor was to move radially towards the segments, there is no mechanism for the segments to increase clearance without rotor contact.
Brush seals are a more recent addition to steam turbine sealing. Brush seals consist of a dense pack of fine diameter wire bristles, sandwiched between an upstream and downstream plate, and welded on the outer diameter [5, 15] . The bristles are fitted such that they contact the rotor surface and are angled in the direction of the rotation of the rotor to prevent buckling. The advantages of the brush seal are a dramatic decrease in leakage flow (up to 80% [16] ), reduction in required axial space and accommodation of shaft movements. Without careful design, brush seals can lead to localised heating of the rotor surface [5, 17] .
Non-contacting dynamic seals have the potential to deliver similar levels of leakage reduction as brush seals without localised heating of the rotor and degradation of leakage performance over time. Currently dynamic seal technologies have yet to make their way into steam turbines, although they are under development for applications such as supercritical carbon dioxide (sCO2) Brayton cycles [18] . Two dynamic seal concepts published in the wider literature are discussed here; the "Hydrostatic Advanced Low-Leakage" (HALO) seal and annular floating ring seal. Both these seals utilise hydrodynamic and hydrostatic forces to avoid contact between the seal and the rotor.
The HALO seal is a dynamic seal that consists of cantilevered pads that are able to move radially. The pads are held by a radially soft but axially stiff spring, with a downstream secondary seal to prevent leakage through the spring section. Hydrodynamic and hydrostatic forces are used to control seal clearance [19] . The HALO seal has been tested in a high temperature seal test rig and a significant leakage reduction was achieved [20] . The HALO seal is commercially available.
Floating ring annular seals are dynamic seals that consists of a single annular ring made from carbon. For seal movement to occur, the seal ring has to overcome friction between itself and the stator, as in the Aerostatic Seal. The seal ring is made of carbon, and therefore the frictional forces acting on the seal ring are low. Including the effects of mixed lubrication, the equivalent coefficient of friction is expected to be below µ = 0.1 [21] . The ability of the seal to track high speed and low amplitude rotor vibrations has been demonstrated in a rotating test facility [22] .
The disadvantages of the HALO seal and floating ring annular seal for application to steam turbines are the complex manufacturing due to the requirement for close tolerances and new materials. Typical fluid film thickness in such seals are of the range 0.005-0.013 mm [18] . These seals would also require change to current steam turbine construction.
The Aerostatic Seal
The Aerostatic Seal offers advantages over other dynamic seal concepts as it is a development of currently used sealing technology in steam turbine seals. The addition of feed holes from the top surface of the seal segments to a central pocket allow the seal to respond to rotor movement. Due to the similarity of the design to existing diaphragm and end gland segments, the seal design can be retrofitted into existing diaphragm and end gland constructions.
The mechanism for the Aerostatic Seal to move radially is provided by the axial pressure distribution through the seal. Fig. 2 compares the axial pressure distribution at high and low clearance, the net radial force is produced by integrating the pressure over the axial length of the seal. The blue line represents the pressure acting on the top surface of the seal segment, and the red line the pressure acting on the bottom surface. At high seal segment clearances, the majority of the leakage flow is under the seal segment due to the large leakage area under the seal compared to the feed holes. Therefore the axial pressure distribution is similar to a conventional labyrinth seal, and due to inlet pressure acting on the top surface of the seal segment, there is a net radial force acting towards the rotor. At low clearances the flow rate through the feed holes is a significant proportion of the leakage flow, and as a consequence the pressure drop occurs at the final two restrictions. Through careful choice of geometry a force towards the rotor can be obtained at high clearances and a force away from the rotor obtained at low clearances. As in the retractable seal, circumferential springs are used which retract the seal segments when the pressure drop across the seal is low.
The pressure drop through the seal generates a net axial force, which is reacted by the seal holder. Due to metal-on-metal contact between the holder and the seal segments, a frictional force is generated. For the seal segment to move, the magnitude of the radial force must be greater than the frictional force.
All the forces acting on the seal segment generate a moment acting about the centroid of the seal segment, and which would cause the segment to tilt forward. This moment is balanced by the seal holder reaction force which acts on contact face and radially below the segment centroid, thus ensuring moment equilibrium. During the design phase, it is ensured that moment equilibrium is maintained at all operating clearances and pressures [2] . 
THE DURHAM ROTATING SEALS RIG
A rotating seals facility, the Durham Rotating Seals Rig, was designed and built to test the ability of the Aerostatic Seal to tolerate large transient radial rotor excursions at a range of rotor speeds. A cross section is shown in Fig. 3 .
The facility consists of a rotor mounted on a cantilevered stub shaft, and is a 'single flow' arrangement. A pair of high capacity angular contact bearings resist the axial load due to the seal pressure difference and radial loads due to rotor eccentricity. The rotor is driven by a smaller inner shaft connected to the motor through a flexible coupling. The rotor has been manufactured as an inner rotor connected to the bearings and an outer rotor which can be positioned off centre to achieve rotor eccentricity. Although the two parts of the rotor are bolted together, two sets of pins are also included which consistently position the outer rotor section in a low eccentricity position (0.09 mm), or a high eccentricity position (0.55 mm). Eccentricity ratio has been defined as eccentricity divided by rotor radius (e/R) to aid comparison to different size of rotor and eccentricity levels, and is included in Tab. 1.
Inlet static pressure and temperature were measured, as well as the outlet static pressure and mass flow rate of air through the rig. There are six outlets from the rig to atmosphere, each one situated directly behind each seal segment. This allows the use of a camera to observe seal segment behaviour. Tab. 1 summarises the key facility parameters.
Air to the facility was supplied from a 10 m 3 receiver at The rotating facility had ten Keyence Ex-110 inductive displacement sensors to measure the seal segment positions: Six sensors were mounted around the periphery of the seal, and were used to measure the clearance between the rotor and the seal segments. In the configuration used in the testing described in this paper, all 6 sensors were used on the top 3 gland segments, 2 per segment. Two sensors measured the rotation of the top-dead- Fig. 4 , and so the radial position of the seal segment is fully defined. Each sensor is referred to as either the up rotation side (URS) or down rotating side (DRS) sensor, with a point on the rotor surface moving from URS to DRS.
The seal segment inductive sensors were calibrated to give seal segment position relative to mean rotor surface position. The seal segment position sensors were not positioned at the same circumferential position as the rotor surface sensors. Therefore the seal segment position was time shifted by Eqn. 1 to reflect the different rotor position at different circumferential positions, where α is the relative circumferential angle between the rotor sensor and the seal segment sensor, ∆T is the time shift and ω is the rotor speed in rpm. The rotating rig was equipped with an orifice plate to measure the leakage flow rate of air through the seal. Static pressure at inlet and outlet of the rig was measured at six points around the circumference of the inlet and outlet plenum. Pressure was measured using a ScaniValve DSA3217 16 channel pressure scanner with a maximum frequency of 800 Hz per channel. Inlet static temperature was also measured in the inlet plenum with a K type thermocouple and tank temperature with a T type thermocouple. Finally rotor rotational speed was measured with an opto sensor mounted above the motor coupling. Tab. 2 lists the instrumentation and capability. Copyright c 2017 by ASME
AEROSTATIC SEAL DESIGN
Previous work on the Aerostatic Seal developed a design methodology [2] . This has been used to generate a seal design, designated 'ROT02', suitable for operation at test rig pressure conditions. The seal was made of 6 seal segments, each segment held circumferentially with springs and keys (shown in Fig. 4) . The keys prevented the seal segments rotating with the rotor, and removed interdependence between different circumferential seal segments. The pressure ratio, defined by Eqn. 2, was used to nondimensionalise the seal pressures at inlet and outlet of the seal. The design pressure ratio for ROT02 was chosen as PR = 1.5. Standard off the shelf springs were used in the design to enable seal segment retraction at low seal pressure differences. The seal segments and seal holder was made from S355J2G4 structural grade steel.
One of the key parameters of Aerostatic Seal performance is the radial stiffness characteristic. This is the radial force acting on the individual seal segments over the operating clearance of the seal. The analytically predicted radial stiffness is shown in Fig. 5 . The static friction present between the seal segment and holder creates a range of clearances at which the seal segment is unresponsive; this is the grey shaded region in Fig. 5 . When designing the Aerostatic Seal, the coefficient of static friction was assumed to be µ stat = 0.60. This gave an unresponsive region between a clearance of 0.017 mm and 0.33 mm. If the coefficient of friction was greater, then the range of clearance at which the seal was unresponsive would be greater, as demonstrated in Fig. 5 .
EXPERIMENTAL CAMPAIGN
Testing was conducted with the rotor in two positions: low eccentricity (0.09 mm) and high eccentricity (0.55 mm). The aim of the low eccentricity testing was to demonstrate Aerostatic Seal performance at similar levels of eccentricity found in a running turbine. High eccentricity testing was conducted to assess how responsive the Aerostatic Seal was to more extreme rotor radial transients, and to demonstrate the ability of the seal to move away from the rotor without metal on metal contact. A final set of tests were conducted with the seal segments fixed at a known position and the feed holes blocked. This provided an equivalent labyrinth seal to assess the leakage reduction of the Aerostatic Seal.
Low Eccentricity Tests
Initial testing was conducted with low rotor eccentricity and at rotor speeds of 0, 60, 600, 900 and 1500 rpm. Fig. 6 shows the seal segment mean clearance from a typical low eccentricity rotor test at a rotor speed of 1500 rpm. Results are presented for all three instrumented seal segments (10, 12 and 2 O'clock) and for both up rotation and down rotation sides of the segment. See Fig. 4 for nomenclature. From 0 to 5 seconds the seal segments were in the retracted position as there was only a small pressure difference across the seal. There was some variation in retracted seal segment clearance between seal segments and also between the URS and DRS of the 10 O'clock seal segment. This was due to the carrier ring which houses the seal segment being slightly off centre from the rotor and manufacturing tolerances between the keys which set the initial clearance.
The pressure ratio was increased, and once sufficient pressure ratio across the seal was achieved, at around 6 seconds, the seal segments moved towards the rotor surface. This happened quickly as once the seal segments started moving the friction force was reduced from static friction to dynamic friction. The seal segments then came to rest at the operating clearance where the mean clearance is not influenced by further increases in pressure ratio. At the operating clearance the difference in clearance between different sides of the seal segment was only around 0.05 mm.
As a consequence of the rotor eccentricity, the 12 O'clock seal segment was excited by the rotor, shown in Fig. 6 , and enlarged in Fig. 7 . After 11 s this excitation is damped out by the frictional force. Also of note is the difference in responsiveness 6 Copyright c 2017 by ASME 
TYPICAL SEAL RESPONSE AT LOW ECCENTRICITY AND 1500 RPM
of the URS and DRS sides of the seal segment. A similar effect was observed in a non-rotating test facility [3] , and so is not due to the addition of shaft rotation. Although there appears to be a slight vibration on the other seal segments in Fig. 7 ; this was traced to a small oscillation of the output voltage from the amplifier circuitry of the inductive sensors, at approximately 800 Hz, and not related to the test.
The circumferential position of the seal segments was shown to have an effect on the response. The 12 O'clock segment was the first seal segment to move to the operating clearance. This was as expected since the gravitational force vector is entirely in the radial direction. The 10 and 2 O'clock segments moved later and at a higher pressure ratio, and maintained a slightly higher clearance than the 12 O'clock segment, due to the reduced radial component of gravitational force.
High Eccentricity Tests
A series of tests was conducted with high (0.55 mm) rotor eccentricity. The aim of the tests was to demonstrate the operation of the Aerostatic Seal to large and high speed rotor radial excursions. Testing was conducted at a range of rotor speeds: 100, 300, 600, 900, 1200 and 1500 rpm, and up to a maximum pressure ratio of PR = 1.5. Fig. 8 plots the URS and DRS 12 O'clock seal segment position at a rotor speed of 1500 rpm and pressure ratio of PR = 1.5.
FIGURE 7. VIBRATORY RESPONSE AT LOW ECCENTRICITY AND

RPM
The rotor position at both sensor locations has been plotted without the time shift correction applied. The seal segment was operating between a high and low position, and was stationary for a period of time at the high and low positions. Therefore before the seal segment could move, it had to overcome static friction rather than dynamic friction. There is a phase shift between the response of the seal segment and rotor positions of approximately 20 • . Both sides of the seal segment move at the same time. Fig. 9 plots the same results as Fig. 8 for the 10, 12 and 2 O'clock seal segments with the time shift correction applied to the seal segments. All seal segments had a similar response. Whilst only the top three seal segments were instrumented, a camera positioned at the outlet of the rig provided confirmation that all seal segments responded to the rotor. The 10 O'clock seal segment shows a greater difference in position between the URS and DRS of the segment; this was due to the uneven initial clearance, as found in Fig. 6 . Fig. 10 shows the mean clearance for each measured seal segment over the full range of rotor speeds and pressure ratios tested. The mean segment clearance has been obtained by numerically integrating the seal position with respect to time. Due to 0.55 mm eccentricity of the rotor, the minimum seal clearance that a fixed labyrinth seal could operate is 0.55 mm. This is also plotted in Fig. 10 . Copyright c 2017 by ASME FIGURE 8.
O'CLOCK SEAL SEGMENT RESPONSE AT 1500 RPM WITH HIGH ECCENTRICITY
FIGURE 9. SEAL SEGMENT RESPONSE AT 1500 RPM WITH HIGH ECCENTRICITY
At a low pressure ratio of PR = 1.1 the influence of rotor speed was significant, particularly so for the 10 O'clock segment, and the seal was operating at a higher mean clearance. At a pressure ratio of PR = 1.10 the seal segments had only just moved from the retracted position, and the 10 O'clock segment was the last to move. However once the pressure ratio has increased to PR = 1.15 the effect of speed was reduced, and between pressure ratios of 1.3 < PR < 1.5 the response is almost independent of rotor speed.
The key observation is that the seal segments were able to maintain a mean clearance that was lower than the level of rotor eccentricity once sufficient pressure ratio had been obtained. This is true over the full range of rotor speeds for the 12 and 2 O'clock seal segments. The 10 O'clock segment response was not as good, and demonstrates that initial position of the seal segment influences performance.
Potential Leakage Reduction
In order to assess the potential leakage reduction the Aerostatic Seal presents over a comparable labyrinth seal, the Aerostatic Seal segments were fixed in position with shims and the feed holes blocked with foil tape. The mean clearance of the whole seal, including the gaps between segments, was measured at 0.97 mm, and could tolerate 0.55 mm eccentricity of the rotor without contact. The gap between the seal segments was 4.9% of the total leakage area.
Leakage mass flow rate was measured with a low rotor eccentricity at a fixed rotor speed over a range of pressure ratios and shows a substantial reduction in leakage flow compared to the fixed clearance case, shown in Fig. 11 . Leakage mass flow measurements with fixed seal clearance was taken over a range of rotor speeds from 600 to 1500 rpm, and there was no discernible difference in leakage mass flow rate. This was confirmed by considering the ratio of Taylor number (Ta) to axial Reynolds number (Re x ). Waschka et al [23] found no effect of rotational speed on seal discharge coefficient for Ta/Re x < 0.2. The maximum ratio of Ta/Re x for the tests conducted with fixed segments was approximately Ta/Re x = 0.03.
Leakage mass flow rate was measured with high rotor eccentricity at various rotor speeds from 300 to 1500 rpm. The variation between data points is due to varying levels of friction between individual test runs, affecting the mean clearance of the gland segments and therefore leakage mass flow rate. The eccentric rotor data shows that the leakage through the seal was not significantly increased due to large radial rotor excursions. At the ROT02 seal design pressure ratio of PR = 1.5, an approximate 35% reduction in leakage mass flow was measured.
Analytical predictions for the fixed labyrinth seal were used to add confidence to the measurements taken with the fixed seal segments, and included in Fig. 11 . Hodkinson's model [24] , which uses Martin's leakage equation [25] , with a coefficient of 8 Copyright c 2017 by ASME The method of Neumann [6] , which models the pressure drop across each labyrinth restriction and a pressure dependant coefficient of discharge based on ideal compressible flow theory derived by Chapygin [26] , gave a reasonable leakage prediction, and captured the effect of pressure ratio on the leakage mass flow rate. Finally the method of Eser & Kazakia [27] was used, which is the leakage model used in the Aerostatic Seal analytical design tool. This method is reasonable at low pressure ratios but over predicts the mass flow rate at higher pressure ratios. The analytical method of Hodkinson was used to obtain a comparison of the leakage through the Aerostatic Seal to a nonsegmented labyrinth seal, and has been included in fig. 11 . The leakage through a labyrinth seal is proportional to the leakage FIGURE 11. LEAKAGE MASS FLOW RATE area, and inversely proportional to the square root of the number of restrictions [24] . As the gaps between the segments are a single restriction, and the labyrinth seal has four restrictions, then the leakage per area through the gaps is twice that of the main seal. Therefore if the gap area is 4.9% of the total leakage area of the seal, then 9.8% of the leakage flow rate is through the gaps. Comparing the measured leakage of the Aerostatic Seal to the predicted leakage through a non-segmented seal, the leakage benefit is still approximately 30% at the design pressure ratio of PR = 1.5.
DISCUSSION
The ideal operating characteristics of the Aerostatic Seal is to maintain a low clearance between the rotor and the seal. As there will inevitably be a small sub 0.1 mm run out on the rotor of a steam turbine, it is desirable that the seal segments do not respond to these small rotor movements to prevent excessive wear on the contact face. Only when there are large radial rotor excursions should the seal segments respond, or if thermal expansion reduced the seal clearance to an extent that there was a danger of the rotor contacting the seal.
Testing with the rotor in the low eccentricity position has demonstrated these desired operating characteristics of the Aerostatic Seal. The seal starts at a retracted position and moves to a low, static operating position. The low level of eccentricity was Copyright c 2017 by ASME able to excite the 12 O'clock seal segment, although this damped out after a few seconds. Seal segment circumferential location was shown to affect seal performance due to differing levels of gravitational force acting on the segment. At higher pressures the effect of gravity will be less significant due to increased pressure forces.
Testing conducted with high rotor eccentricity and speed has demonstrated the high speed response of the Aerostatic Seal to significant radial transients. The rotor excursions are in excess of that expected in steam turbine operation. The response of the seal to high levels of rotor eccentricity not only protects the seal segment labyrinth fins from damage, but it is also able to maintain a mean seal segment clearance that is lower than the rotor eccentricity. At low pressure ratios, the ability of the seal segments to respond to high speed rotor movements is reduced, and the mean clearance that the seal maintains increases.
Upon disassembly of the seal segment after high rotor eccentricity testing, all seal segments showed wear on the contact face. As the seal will be expected to operate without maintenance for many years, this is undesirable. Hard facing materials are a possible solution to prevent wear on the contact face. As the material used to manufacture the seal segments used in these tests is not representative of steam turbine grade material, further investigation is left for testing in a steam environment.
The leakage mass flow rate assessment has shown that the Aerostatic Seal is able to reduce leakage over a similar labyrinth seal. Further improvements to the leakage performance of the Aerostatic Seal are possible by optimising the design of the seal segments for different circumferential positions (e.g. 10 O'clock, 2 O'clock segments etc.), and by reducing the mean operating clearance of the seal. These changes can be implemented by modifying the seal segment geometry, or employing different springs to alter the radial pre load on the seal segments. Further leakage reductions are possible by using steps or castellations on the rotor surface, preventing kinetic energy carry over from one cavity too the next.
The Aerostatic Seal has demonstrated dynamic seal characteristics also reported for the HALO seal and floating ring annular seal [20, 22] , two non-contacting dynamic seal concepts. Mariot et al [22] demonstrated that the annular seal was able to track high speed rotor vibrations at 21000 rpm and zero to peak amplitude approximately 0.1 mm. This is more responsive than the expected Aerostatic Seal performance at such rotor speeds and amplitudes; the response of the floating ring annular seal is helped by the low coefficient of friction between the carbon ring and the steel seal housing. As previously mentioned it is desirable for the Aerostatic Seal not to respond to small rotor vibrations to prevent wear. The HALO seal has shown a greater reduction in leakage that the Aerostatic Seal described in these tests, 50% or more for the HALO seal at pressure ratios PR < 3.0 compared to the Aerostatic Seal at 30-35%. The leakage reductions possible with the HALO seal are dramatic, however the seal appears more complex to manufacture whereas the Aerostatic Seal is designed around existing steam turbine gland construction. The Aerostatic Seal described in this paper was a proof of concept design and not an attempt to find the maximum leakage reduction possible and the authors believe that further leakage reductions are possible with revised designs.
The Aerostatic Seal concept has matured enough to begin testing in a steam environment and is the obvious next step for this technology. High steam temperatures and the use of realistic steam turbine materials will alter the level of friction between the seal segments and the seal holder. It has previously been shown that the level of friction affects Aerostatic Seal performance [3] and designs which are robust to variations in friction level are under consideration.
CONCLUSIONS
This paper describes the demonstration of the Aerostatic Seal, a dynamic clearance seal in a rotating test rig. The seal is a development of the retractable seal design which is widely used in steam turbines.
A new rotating seals rig was commissioned specifically to test the Aerostatic Seal in a rotating environment. The rig used an eccentric rotor to simulate high speed radial rotor excursions, and had inductive sensors to track the position of the seal segments during the tests.
An exhaustive experimental campaign has been conducted at two rotor eccentricity settings, and at a range of pressure ratios and rotor speeds. Tests conducted with a low level of rotor eccentricity showed that operation of the seal was similar to the retractable seal. Seal operation was as expected from previous tests conducted in a non-rotating facility [3] . The seal response was dependant on the circumferential position of the seal segment. Tests conducted with a high level of rotor eccentricity showed that the seal was able to maintain a mean clearance that was smaller than the level of rotor eccentricity over the full range of rotor speeds tested. A typical labyrinth seal or retractable seal is unable to do this. Furthermore the leakage performance was measured and compared to a comparable segmented labyrinth seal by fixing the seal segments in place. This showed a potential leakage reduction of 35% at the design pressure ratio PR = 1.5.
